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Abstract

Geostatistical simulations of ore body deposits are useful to quantify risk and uncer-
tainty, testing mine planing algorithms, generating drill holes databases, among others.
Geostatistical simulations are a common tool to generate different scenarios, but these
are mathematical algorithms that need to be validated with a geological approach. Tools
such as histograms, correlations and variograms can validate distributions, numerical as-
sociations and spatial variability in a simulation, but many other tools can be used
to validate geological coherence (e.g. lithological facies, correlations in minerals of hy-
drothermal alterations, mineral zones, etc). This article summarizes some of these tools
that can be used to interpret data with a geological approach, with the aim of avoiding
geological inconsistencies. Validations are shown in a case study, a porphyry copper
deposit located in northern Peru, Cajamarca region in Andean mountains.

1. Introduction

The access to real exploration databases is very limited in practice, making it difficult for practitioners,
researchers and students to test methods, models and reproduce results in the field of geological modelling.
From the point of view of practitioners, researchers, teachers and students, there is an important lack of
available databases that can be used, because the data of those are usually subject to confidentiality agree-
ments. Non conditional simulations can be used to generate different scenarios without the use of specific
local data, which may be an advantage when real databases are not available. These type of simulations of
ore body deposits can be useful to generate exploration drill holes campaigns (Garrido et al., 2018). For this
research, geostatistics is used to generate different scenarios, because it allows to manage the distributions
of the simulated attributes and their spatial covariance / correlations.

Non conditional simulation can be separated in (1) geological domains and (2) geological continuous
attributes (Jackson and Young, 2016). For the first purpose, many tools are available, such as sequential
indicator simulation (Deutsch, 2006) (Deutsch, 1998), truncated gaussian simulation (Beucher and Renard,
2016), plurigaussian simulations (Armstrong et al., 2011) or multiple-point simulation (Mariethoz and Caers,
2014), among others. For the second type of simulations, classic tools of geostatistics are well established
(Goovaerts et al., 1997) (Chilés and Delfiner, 2012) (Isaaks and Srivastava, 1989), and for multivariate simu-
lations, a flexible sequential Gaussian simulation program USGSIM is recommended (Manchuk and Deutsch,
2012).

Validations of these models must consider the consistency with geological knowledge. In a non conditional
simulation, the spatial distribution of minerals and their relationships must be validated to make sense with
different geological criteria. In the case of a porphyry copper deposit, many tools can be used to validate
with a geological approach. In this research, some criteria to validate are explained.

1Cite as: Garrido, M., Townley B. and Ortiz J. (2020) Validation of Geostatistical Simulations of Porphyry Deposit through
Geological Approach using ioGAS, Predictive Geometallurgy and Geostatistics Lab, Queen’s University, Annual Report 2020,
paper 2020-10, 170-185.
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2. Methodology

Three different validations are considered, with different approaches based on geological knowledge:

1. Regional metallogeny framework: This consists on interpretative regional location of the porphyry ore
body, for example basins (e.g. for Principal Andean Cordillera are Farellones, Abanico, Azapa, Loa,
etc), Tectonic orogeny (e.g. Pehuenche, Incaica, K-T, etc) and use of isochronous to date the rock
type. This interpretation can be use to validate the simulated facies of matrix rock or the ore body.

2. Hypogene metasomatism water-rock contact: This consists on interpretative hydrothermal alterations
of the porphyry ore body. Minerals in alterations zones may be validated through associations (e.g.
potassic alteration with principal minerals such as feldK - Biotite and secoundary minerals as qtz -
mag - ser - chl). It depends on physicochemical factors such as Eh-pH, temperature, rate sulfur:oxigen,
among others.

3. Supergene metasomatism water-rock contact: This consists on interpretative mineral zones related
with mineral processing relationships. Supergene enrichment are characterized by meteoric water in
oxide conditions, that generate different mineral zones (e.g. leached low copper grade; oxides minerals;
secondary sulphur from enrichment process).

The methodology is summarized in Figure 1, that shows the final geological model in each step, with
geological and geostatistical approach.
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Figure 1: Summary of methodology to validate databases from geological approach, geostatistical approach to geological mod-
elling.
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3. Geological attributes in porphyry copper deposit

Usually the porphyry ore body simulation consists in a categorical simulation (geological facies) and
continuous simulation (mineralization grades). The categorical simulation considers (in cascade or joint
simulation approach): (1) lithology unit, (2) hydrothermal alteration unit and (3) mineral zone unit.

3.1. Lithology unit
Some lithologies are advantageous to generate economical porphyry copper deposits, in particular when

related with batholith magmatic events at a regional scale. The lithology unit are interpreted with a regional
metallogeny framework. The main unit is the host rock, where intrusive units modify the mineralogy and
geochemistry. The regional group to classify lithology are the basins, for example, a description of Abanico
Extensional Basin along the Principal Andean Cordillera is given (Charrier et al., 2009):

”Abanico Formation is in the Principal Cordillera, between 29oS and 39oS, dated from middle-late Eocene
to early Miocene. Cinsists of a locally strongly folded, 2000 m thick sucession of volcanic, pyroclastic

volcaniclastic and sedimentary deposits including abundant subvolcanic intrusions of the same age, with a
well developed paragenesis of low grade metamorphic minerals” (Aguirre et al., 2000) (Bevis et al., 2003)

(Fuentes, 2004)

The regional metallogeny framework provides a geological map of surface at scale 1:1,000,000 (more
details are provided at scales 1:100,000 or 1:25,000). This indicates the relationship of genetic processes in
tecto-magmatic evolution of the ore body. In this context, rock types can be volcanic, basaltic, andesitic,
mafic, felsic, tholeitic, chalco-alkaline, etc. Chronological dating must be consistent with rock types for-
mation. In porphyry deposits, intrusive bodies are also important to define the origin of hydrothermal
hyper-saline fluids, metallogenic deposit precursors. Other geophysics tools can be used to validate the
definition of rock types, such as magnetic or gravimetric tools that show possible lithological units contacts.
All of these contacts are abrupt, not transitional.

From a geostatistical approach, some tools are provided to validate some criteria:

1. Spatial context: Origin basin rock types was deposited horizontally (by sedimentation) but folding
by compressive stress can change the shape or anisotropy. The geostatistical anisotropy is linked to the
rock mass tensor stress. Figure 2 shows three diferent anisotropies; (a) logging of Andean Cordillera
by different orogenic process and lithological composition (Pinto et al., 2017), NS anisotropy; (b) an
horizontal anisotropy correlated with structural orientation faults of different formations (geological
map of Northern Hokkaido (Niizato et al., 2010) (Takahasi et al., 1984), anisotropy controlled by
structural faults); and (c) a vertical anisotropy of different lithology groups modelled in Chuquicamata
district, northern Chile (Barra et al., 2013).
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Figure 2: Schematic example of lithological modelling of rock types of different grouping criteria. (a) Andean Cordillera
from (Pinto et al., 2017); (b) geological map of Northern Hokkaido, from (Niizato et al., 2010) (Takahasi et al., 1984); (c)
Chuquicamata district, northern Chile (Barra et al., 2013).

2. Statistical correlations: Some elements trends and concentrations correspond to known formation
areas. For example, Figure 3 shows two plots with different areas highlighted, based on geochemical
relationships. For example, if the ratio Sr/Y is low and SiO2 is in the range 45-75, then the geochemical
relationship is similar to that of barren intrusions rock type footprints, or if the rates V/Sc and
Nb/Ti are high, geochemical samples are probably associated to prospective areas for porphyry copper
deposits that correspond to strongly oxidized magma (Halley et al., 2015).

3. Rock type associated to intrusive event: Porphyry copper deposits need compatible lithologies
to originate high grade mineralization, such as intrusive porphyry or dickes, for example. These bodies
usually have high continuity in depth, that exploration drillholes are not able to capture. Usually, all
lithological contacts are hard, no transitional facies are detected.
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Figure 3: Examples of geological interpretation of rock types based on geochemical relationships. Geochemical ratio of Sr:Y vs
SiO2 and Nb:Ti vs V:Sc are consistent with prospective areas for porphyry copper (Halley et al., 2015)

ioGAS software has implemented many tools to verify if the geochemistry is consistent with porphyry
Cu exploration. For example (Richards et al., 2012) shows that adakites sub-group that contains high Sr/Y
magmas reflect arc maturity, high magmatic water content, and porphyry Cu +/- Mo +/- Au potential;
(Cohen et al., 2010) shows diagram related with advances in exploration geochemistry between 1998 - 2007
and (Rohrlach and Loucks, 2005) related the geochemistry of volatiles in a lower crustal magma reservoir.
Many such diagrams can be provided for validation of geostatistical simulations through geochemical ap-
proach (Loucks, 2014) (Halley et al., 2015) (Maitre, 1989) (Bas et al., 1986) (Rollinson, 2013).

In this case study, Figure 4 shows the location of porphyry copper deposits. An first lithological validation
is consistent with the regional extension area. The case study is located on the Cu-Au and Cu-Mo porphyry
Miocene belt. Logging shows different intrusive events and dioritic phases of fine to medium textures, in
addition to layer dacitic composition phases with abundant quartz and biotite crystals. Pulses of intrusive
mineralization were identified, these events cross carbonate sequences from the Pariatambo and Yumagual
basins.
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Figure 4: Location of case study in miocene belt, Cajamarca region, Peru, South America (Ramirez, 2012).

3.2. Hydrothermal alteration rock type
Hydrothermal alterations are interpreted as hypogene metasomatism in the water-rock interaction. This

generates chemical instability in some minerals, and depends on the stability of sulphides, permeability
of structures and transport of ions through molecular ligands. The hydrothermal alterations affect both
mineral and waste rock, and it is very important to relate the set of minerals to describe any alteration.

This set of minerals can be classified through temperature and Eh-pH association. (Corbett and T, 1998)
present a very complete study of mineral associations based on temperature and pH. Figure 5 shows the
common alteration mineralogy relationships in hydrothermal systems.
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Figure 5: Common Alteration Mineralogy in Hydrothermal Systems, from (Corbett and T, 1998)

Mineral Abbreviations: Ab - albite; Act - actinolite; Ad - adularia; Al - alunite; And - andalusite; Cb -
carbonate (Ca, Mg, Mn, Fe); Ch - chlorite; Chab - chabazite; Chd - chalcedony; Ch-Sm - chlorite-smectite;
Cor - corundum; Cpx - clinopyroxene; Cr - cristobalite; Ct - calcite; Do - dolomite; Dik - dickite; Dp -
diaspore; Ep - epidote; Fsp - feldspar; Ga - garnet; Hal - halloysite; Heu - heulandite; I - illite; I-Sm -
illite-smectite; K - kaolin-ite; Lau - laumonite; Mt - magnetite; Mor - mordenite; Nat - natrolite; Op -
opaline silica; Pyr - pyrophyllite; Q - quartz; Ser - sericite; Sid - siderite; Sm - smectite; Stb - stilbite; Tr -
tremolite; Tri - tridymite; Ves - vesuvianite; Wai - wairakite; Wo - wollastonite; Zeo - zeolite

It is important to validate which minerals are compatible and which are not. Many hydrothermal alter-
ations have transitional contacts, unlike lithology characterization. An important reference of hydrothermal
alterations in porphyry ore body is (Sillitoe, 2010), that describes different hydrothermal alterations based
on proportions of some minerals. In addition, alterations are zoned in the porphyry copper system, as show
in Figure 6: sericitic alteration may project vertically downward as an annulus separating the potassic and
propylitic zones as well as cutting the potassic zone centrally as shown. Sericitic alteration tends to be
more abundant in porphyry Cu-Mo deposits, whereas chlorite-sericite alteration develops preferentially in
porphyry Cu-Au deposits.
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Figure 6: Generalized alteration-mineralization zoning pattern for telescoped porphyry copper deposits, from (Sillitoe, 2010)

From a geostatistical approach, validation of hydrothermal criteria are very important because much of
the economical mineralization is concentrated in this stage. Some tools are provided to validate this criteria:

1. Spatial context: Usually alterations such as potassic, propylitic, chlorite, Sericite and Argillic are
common in an hydrothermal alteration process, among others. Locations and contacts have radial
anisotropy with respect to intrusive event (defined in lithological simulation). Figure 6 shows an
example of the spatial distribution of some alterations.

2. Statistical correlations: Simulated minerals (that have coherence shown in Figure 5) are used
to calculate the geochemical element proportions. For example, the molecular formula of mineral
sericite is KAl2(AlSi3O10)(OH)2 (Table 1). Geochemical grades are very important to validate if
the elemental relationships are consistent with the hydrothermal alteration footprint. Figure 7 shows
binary and ternary diagrams with relationships of elements for each hydrothermal alteration. In this
case study, elements Al, Ca, Na, K and Mg are important to discriminate types of alteration: FRE
(fresh rock) has high grade of Ca; ARG (argilic) has low grade of Ca and high Mg; K (potassic) has
high grade of K and medium grade of Ca; SIL (sillica) has low concentration of Al and Ca; SIL ALT
(sillica high degree alteration) has low grade of Ca and high of Al. These trends are transitional and
it is difficult to define a hard boundary between the transitions zones.
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Figure 7: Geochemical grades relationship for each hydrothermal alteration and minerals.

The codes of alterations are FRE (fresh alteration), K (potassic), ARG (advanced argillic), SIL ALT
(mainly silicification with argillic olverlap alteration) and SIL (fresh silicification alteration). In this
context, diagrams show trends and clustering of alteration as a function of the relationship between
Al - Ca - Mg ratios. In addition, FRE is characterized by epidote mineral and K for montmorillonite
mineral. Chrolite, biotite, ankerite and dolomite are not present because of the lower magnesium
concentration (see Table 1 for molecular formulas).

Table 1: Molecular formula
Name of mineral Molecular formula

Sericite KAl2(AlSi3O10)(OH)2
Epidote Ca2FeAl2Si3O12(OH)

Montmorillonite 0.66(0.5Ca, Na)Al3.34Mg0.66Si8O20(OH)4, nH2O
Chrolite Mg5Al2Si3O10(OH)8
Biotite KMg1.5Fe1.5AlSi3O10(OH)2

Ankerite Ca(Fe2+, Mg, Mn)(CO3)2
Dolomite CaMg(CO3)2

In general, characteristic elements related to hydrothermal alteration are Al, Ca, Na, K, Mg, among
others. A multivariate study is recommended to select the pathfinders that support the hydrothermal study
(Davis and Sampson, 1986), (Webster et al., 1990) or generation of synthetics variables (Townley et al.,
2018) (Yildirim et al., 2014). ioGAS software has implemented many diagrams to support the hydrothermal
alteration classification based in geochemistry: (Large, 2001) (Williams and Davidson, 2004) (Warren et al.,
2007) (Grunsky, 2013) (Whitbread and Moore, 2004) (Kishida and Kerrich, 1987) (Bruce, 2007) (Ishikawa
et al., 1976) (Saeki and Date, 1980)

3.3. Mineral zone units
Mineral zones are interpreted as supergene metasomatism in the water-rock interaction. The meteoric

water tickle through faults of geomechanical structures in an oxidizing environment, change the mineralog-
ical compositions generating different mineral zones. These mineral zones affect directly the commodity
minerals, and define the mineral processing (leaching, bio-leaching, selective flotation recovery or waste).
These geological processes are known as supergene sulfide enrichment or secondary enrichment, and may
take place by a simple mechanical process, by chemical means, or by a combination of these. First, the en-
richment may be primarily the result of the chemical removal of a large part of the gangue minerals, in which
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case the copper migrates slowly downwards by gravity or is left behind as a residual component (Boyle, 1987).

Figure 8 shows a schematic view of a sulphide vein. It shows the oxidation zone, consisting of the gossan,
the leached zone and the oxidised zone. The reducing zone consists of the enrichment zone and the area of
primary mineralization (Asmus, 2013) (Paras et al., 2017) (Sillitoe and Mckee, 1996)

Figure 8: Schematic view of a sulphide vein. The oxidation zone can be seen, consisting of the gossan, the leached zone and
the oxidised zone, modified from (Evans, 1992) and (Ottaway, 1994)

The mineral zone is related with the geometallurgical process. The main commodities must be consistent
with the simulated region [for example Chilean Andes metallogenic belts are defined based in regional aspects
(Sillitoe, 1981)]. From a geostatistical approach, tools are provided to validate some of these criteria:

1. Spatial context: Classical mineral zones are: gravel, leached, oxides, primary sulphur, secondary
sulphur and host rock. In many cases, gravel, leached, oxides and secondary sulphur are presented as
horizontal layers (tabular bodies, horizontal anisotropy with width of each body between ≈10 - 100
m) with irregular degree. Usually this order is preserved (Figure 8), but in few cases the secondary
enrichment may be present in structural veins and faults (sub-vertical anisotropy).

2. Mineral proportions: The gravel lithofacies is usually not mineralized and is characterized by uncon-
solidated rock deposits. Leached lithofacies or gossan is characterized by low economic mineralization
and a lot of iron minerals (goetite, jarosite, hematite, limonite, among others) (Bateman, 1950). The
oxides lithofacies contains economical minerals (as cuprite, malachite, azurite, among others) that
require leaching as process and is delimited from above by gossan lithofacies and from below by wa-
tertable. Secondary sulphur is the enrichment zone that may contain different proportions of minerals
(chalcocite, covelliet, digenite, among others). This zone is the ’transition’ to primary mineralization,
then oxide minerals and sulphur minerals can both be found. Finally primary sulphur is characterized
by mainly chalcopyrite and bornite. Others minerals as Tennantite are economic minerals too but
with pollutants. All sulphur minerals are processed with selective flotation. Figure 9 shows the Cu:S
geochemical rate and how it is correlated with mineral.
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Figure 9: Copper minerals Cu:S rate and molar formula of each mineral.

To validate mineral proportion in each mineral zone the rate between economical metal and sulphur
or oxide proportion are important (i.e CuT:CuS rate, total copper : soluble copper). A molar diagram
for copper sulphide minerals shows different slope values that describes different copper sulphide minerals.
These diagrams can be projected or corrected for the presence of barite, pyrite, galena, sphalerite, and
arsenopyrite. In case of Iron ore, it uses SiO2 and Fe data to assess mineralogical controls on iron ore grade.
It is used to classify the various types of Fe ore based on Fe and clay content (Goethite, hematite, magnetite,
etc) (Jeffcoate et al., 2013).

In the case study, three minerals zones are define based on CuT:CuS rate. Figure10 shows the difference
between oxide zone, enrichment zone and primary mineralization.
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Figure 10: Mineral zone definition of oxide, enrichment and primary based on CuT:CuS rate.

This definition is important from a geometallurgical processing point of view: the oxide zone has minerals
such as malachite, azurite, cuprite, chrysocolla, among others, than can be recovered by acid leaching;
the enrichment zone has chalcocite, covelite, digenite, amongh others, than can be recovered by acid bio-
leaching or generate blending / mixing programs to optimize the mineral processing; and primary zone has
chalcopyrite mainly can be recovered by selective flotation of sulphur.

4. Conclusions

Many tools for geostatistical simulations are used to generate different geological scenarios. The aim of
this article is to give some tools to validate these geostatistical scenarios from a geological approach. In
conditional simulation, distributions and spatial variance can be validated, but these validations are not
sufficient. To generate geological consistent simulations, we have recommended tools that can support the
geological framework.

Correlations and spatial distribution are important for geologists. Mineralogical simulation in each geo-
logical unit can be performed, and geochemical grades can be calculated from molar formula. Many tools
to validate the consistency of data using a geochemistry approach are provided, and ioGAS software have
implemented these tools.
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